Abstract Mantle cell lymphoma (MCL) is an aggressive mature B cell lymphoma characterized by the t(11;14) IGH-CCND1 translocation. The majority of the MCL harbors secondary genetic aberrations and the MYC gene rearrangement is occasionally detected. We reported a unique case of co-existence of a typical MCL and a transf o r m e d c o m p o n e n t w i t h m o r p h o l o g i c a n d immunophenotypic features resembling a Burkitt lymphoma in leukemic phase at disease presentation. Two distinct abnormal B cell populations were identified in the peripheral blood and bone marrow: a CD5+/CD10− population primarily in the peripheral blood (47.6 %) and a CD5 −/CD10+ population predominantly in the marrow (83.8 %), which shared the same surface light chain restriction and identical immunoglobulin gene rearrangements. By cytogenetic studies, the CD10+ cells harbored both t(11;14) IGH-CCND1 and t(8;14) IGH-MYC whereas the CD5+ population only carried t(11;14) IGH-CCND1. The combined findings indicate that the Burkitt-like component represents a transformation from a typical MCL by acquiring t(8;14) and that the MYC rearrangement represents a secondary oncogenic event in MCL that drives the disease progression. This unique case described coexistence of clonally related MCL and a transformed component otherwise typical of a Burkitt lymphoma, both in leukemic phase at disease presentation, which provided direct evidence on the lymphomagenesis of MCL.
Introduction
Mantle cell lymphoma (MCL) is a mature B cell lymphoma and accounts for approximately 3-10 % of B cell nonHodgkin lymphoma [1] . Classical MCL is characterized by proliferation of atypical small to intermediate sized lymphoid cells that harbor the balanced translocation t(11;14)(q13;q32). This primary genetic event in MCL juxtaposes the BCL1/CCND1 gene and immunoglobulin heave chain gene (IGH), resulting in constitutional overexpression of cyclin D1 and cell cycle dysregulation at the G1/S phase transition [2] . In addition to the initial oncogenic event, the majority of MCL harbors nonrandom secondary genomic aberrations mainly targeting genes in DNA damage and repair, cell cycle regulation, and cell survival, suggesting genetic progression involving other oncogenic pathways are necessary for MCL lymphomagenesis [2] [3] [4] . The typical immunophenotype of MCL is CD5+/CD10−; however, CD10 expression has been reported in 7-8 % of classical MCL and associated with a germinal center signature without clinical or biological significance [5, 6] .
MCL is an aggressive lymphoma and has an unfavorable outcome with current therapies, with a median survival of 3-5 years [7] . However, there is increasing evidence that MCL is a heterogeneous disease. The two histologic variants recognized by the 2008 World Health Organization (WHO) classification, blastoid and pleomorphic MCL, have a poor prognosis [1] . Blastoid MCL frequently occurs de novo and less commonly may transform from conventional MCL [8] . On the other hand, a subset of MCL patients (~15 %) presenting with non-nodal disease follows an indolent clinical course with a survival of more than 7-10 years [9, 10] . The aggressive behavior has been attributed to the secondary genetic alterations. Of these, MYC gene abnormalities have been described in a subset of MCL, associated with a rapidly progressive clinical course.
We report an unusual case of co-existence of a typical mantle cell lymphoma with t(11;14) and a clonally related Burkitt-like lymphoma harboring t(11;14) and t (8;14) , both in leukemic phase at presentation. For the first time, this case clearly demonstrates the transformation of a typical MCL into a Burkitt-like lymphoma by acquiring t (8;14) and provides direct evidence on MCL pathogenesis.
Clinical history
A 63-year-old gentleman with no significant past medical history presented with mid-back and leg pain and was found to have~40 % atypical mononuclear cells on the peripheral blood smear. Physical exam revealed no palpable lymphadenopathy or hepatosplenomegaly. A complete blood count showed leukocytosis (white blood cell count of 19.8 K/μL and absolute lymphocyte count of 13.7 K/μL), mild anemia (hemoglobin 10.5 g/dL), and marked thrombocytopenia (platelet count of 19 K/ μL). Viral serology was negative for CMV and HIV. CT revealed enlarged mesenteric and retroperitoneal lymph nodes and mild splenomegaly, concerning for lymphoma. A bone marrow biopsy was obtained.
Materials and methods

Histology and immunohistochemistry
The peripheral blood and bone marrow touch preparation were Wright-Giemsa stained. The bone marrow biopsy was routinely fixed in 10 % neutral buffered formalin, processed, a n d s t a i n e d w i t h h e m a t o x y l i n a n d e o s i n . Immunohistochemistry was performed on an automated immunostainer (Leica Bond III) according to established protocols using the following antibodies: CD5 (4C7, Novocastra), CD10 (270, Novocastra), BCL-2 (124, Cell Marque), cyclin D1 (SP4, Thermo Scientific), Ki-67 (MIB-1, Dako), BCL-6 (LN22, Leica), and SOX-11 (MRQ-58, Cell Marque). 
Flow cytometry
Flow cytometry analysis was performed on a modified 4-laser, 10-color Becton Dickinson LSRII flow cytometer (BD Biosciences, San Jose, CA) as previously described at UWMC Hematopathology Laboratory [11] . The following laser-fluorochrome combinations were used: (1) 405-nm violet laser (one color) and Pacific blue (PB); (2) 488-nm blue laser (five colors), fluorescein isothiocyanate (FITC), phycoerytherin (PE), PE-Texas red (ECD/PE-TR), PEcyanine (Cy)-5, and PE-Cy7; (3) 594-nm yellow laser (one color) and Alexa Fluor 594 (A594); and (4) 633-nm red laser (three colors), allophycocyanin (APC), APC-Alexa Fluor 700 (A700; BD Biosciences), and APC-Cy7. The specific fluorescently labeled antibodies used in this study were obtained primarily from Beckman Coulter (BC, Fullerton, CA) and Becton Dickinson (BD, San Jose, CA). Antibodies used were as follows: CD20 PB, Kappa FITC, Lambda PE, CD5 PECy5, CD19 PE-Cy7, CD38 A594, CD10 APC, CD45 APC-H7, and BCL-2 FITC.
Conventional cytogenetic studies and interphase fluorescence in situ hybridization (IFISH)
Conventional G-banding karyotype was performed on bone marrow biopsy specimen. IFISH studies used a dual color, dual fusion probe (Vysis) to detect t(11;14) IGH-CCND1 fusion and a tri-color, dual fusion probe (Vysis) to detect t(8;14) IGH-MYC fusion.
Molecular studies
Immunoglobulin heavy-chain and light-chain gene rearrangements were analyzed by polymerase chain reaction (PCR) using primers designed in-house.
Results
On review of the peripheral blood smear, two morphologically distinct lymphocyte populations were identified (Fig. 1a) . One population was composed of small lymphocytes with round to oval nuclei, condensed chromatin, inconspicuous nucleoli, and scant cytoplasm. In the second population, the lymphocytes were intermediate to large in size with irregular nuclear contours, smudged chromatin, moderate amounts of basophilic cytoplasm, and cytoplasmic vacuoles. Flow cytometry (Fig. 1b) showed two abnormal mature B cell populations: one population (colored aqua; 47.6 %) had small cell size with expression of CD5, CD19, CD20, BCL-2, FMC-7, and surface kappa light chain restriction without CD10 or CD38; the second population (colored red; 7.3 %) had increased cell size with expression of CD10, CD19, CD20, CD38, FMC-7, and surface kappa light chain res t r i c t i o n w i t h o u t C D 5 o r B C L -2 . W h i l e t h e immunophenotype of the CD5+ population was most consistent with a MCL, the immunophenotype of the CD10+ population was compatible with an intermediate to largesized B cell lymphoma of germinal center origin, e.g., Burkitt lymphoma (BL), diffuse large B cell lymphoma (DLBCL), or B cell lymphoma, unclassifiable (BCL-U), with features intermediate between BL and DLBCL. The relationship of the two abnormal populations was not entirely clear.
The bone marrow biopsy (Figs. 2a and b) showed a diffuse infiltrate of monotonous, intermediate-to largesized lymphocytes with mildly irregular nuclei, smudged chromatin, variable nucleoli, abundant basophilic cytoplasm, and cytoplasmic vacuoles, similar to that seen in the peripheral blood (Fig. 1a right image) . By immunohistochemistry, the neoplastic lymphocytes were positive for CD10 (Fig. 2c) , cyclin D1 (Fig. 2d) , and BCL-6 and negative for CD5 (Fig. 2e) , BCL-2, and SOX-11, with a Ki-67 (Fig. 3f) proliferation index of >95 %. Flow cytometry performed on the marrow biopsy also demonstrated two abnormal mature B cell populations with similar immunophenotype to that identified in the peripheral blood (Fig. 1c) , a predominant CD10+ population (83.8 %) corresponding to the diffuse infiltrate by morphology and a minor CD5+ population (7.8 %) that was not morphologically recognizable. By molecular studies, clonal IGH and IGK gene rearrangements were detected in both flow-sorted CD5+ and CD10+ populations, and the sizes of the PCR products were identical to each other (data not shown), confirming the clonal relationship of the two populations. Cerebrospinal fluid (CSF) was collected on the same day of the marrow procedure and flow cytometry revealed a large population of CD10+ B cells (87.7 % of the white cells) with an immunophenotype similar to that seen in the marrow and peripheral blood. No abnormal CD5+ B cell population was identified in the CSF.
Chromosomal analysis performed on the bone marrow showed an abnormal karyotype with translocations t(11;14) and t (8;14) and an interstitial deletion of 3q detected in the same cell (Fig. 3) . IFISH studies performed on the bone marrow revealed both t(8;14) IGH-MYC fusion (59 %) and t(11;14) IGN-CCND1 fusion (62 %) (Fig. 4a) . As the neoplastic cells in the marrow were predominantly CD10+ (83.8 % of the white cells), the results indicated that the CD10+ B cells carried both t(11;14) and t (8;14) translocations. However, due to the small size of the CD5+ population (7.8 % of the white cells), it was unclear whether the CD5+ B cells also harbored the two translocations. To further investigate the CD5+ population, IFISH studies were performed on the flow-sorted CD5+ B cells from the peripheral blood and showed t(11;14) IGH-CCND1 fusion in 99 % of the cells whereas no fusion signals of t(8;14) IGH-MYC were detected (Fig. 4b) .
Putting all the data together, a pathologic diagnosis of transformed mantle cell lymphoma with Burkitt-like features was made. Systemic chemotherapy initially consisted of R-EPOCH (rituximab with etoposide, prednisone, vincristine, doxorubicin, and cyclophosphamide) for one cycle, but was then transitioned to R-hyper-CVAD (rituximab with cyclophosphamide, vincristine, doxorubicin, and dexamethasone alternating with rituximab, methotrexate, cytarabine, and methylprednisolone) for three additional cycles (i.e., cycles 1B, 2A, and 2B). The patient also received intrathecal administration of cytarabine and methotrexate. Abnormal B cells were cleared from CSF, peripheral blood, and bone marrow post therapy. Repeat CT post therapy revealed a significant interval decrease in the size of previously enlarged mesenteric and retroperitoneal lymph nodes. The patient then proceeded to r e c e i v e h i g h -d o s e c h e m o t h e r a p y w i t h B E A M (bischloroethylnitrosourea (BCNU), etoposide, cytarabine and melphalan) followed by autologous hematopoietic stem cell transplant. Following transplant, he was treated with intrathecal methotrexate monthly for 4 months. He was in remission 6 months posttransplantation as of December 1, 2015 (13 months after diagnosis).
Discussion
The t(11;14)(q13;q32) is the genetic hallmark of MCL and occurs at the pre-B cell stage of differentiation in the bone marrow [12] . This translocation is mediated by recombinase activating gene 1/2 (RAG1/2) and probably low levels of activation-induced cytidine deaminase (AID) [13] , resulting in overexpression of cyclin D1 which facilitates G1 progression toward the S phase. Considering the relatively high frequency of low levels of cells carrying t(11;14) translocation in healthy individuals (~8 %; 5 of 71) with persistence of these cells over a long period of time and low occurrence of MCL [14] , deregulated overexpression of cyclin D1 is likely Fig. 2 insufficient to induce the development of an overt MCL and apparently the synergistic effect from secondary genetic aberrations is required. A high number of MCL carry non-random secondary genomic aberrations targeting other genes in additional pathways that promote the progression of malignant clones [2] [3] [4] . Among those, MYC dysregulation is detected occasionally in MCL and is a significant negative predictor for overall survival [15] . Given that most breakpoints that involve MYC and IgH are mediated by AID in mature B cells rather than RAG1/2 in premature B cell precursors [13] , MYC rearrangement is a secondary event in MCL, synergistic with cyclin D1 to promote progression along the cell cycle, different from functioning as a primary oncogenic event in BL. Secondary MYC rearrangement, in contrast to BL, often occurs in an unstable genome with complex cytogenetic abnormalities and involves both IG and non-IG loci [16] .
Acquisition of MYC rearrangement in MCL is commonly associated with a blastoid morphology. The immunophenotype is often similar to its predecessor MCL with expression of CD5 and BCL2 without CD10; however, phenotypic heterogeneity has been described. Review of the literature (Table 1 ) revealed a total of 13 cases with both t (11;14) and MYC translocations with IG partners [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . All 13 cases had complex cytogenetic abnormalities in addition to t(11;14) and t(8;14) (seven cases), t(2;8) (four cases), or t(8;22) (two cases). Twelve cases had peripheral blood involvement; one case had limited CNS involvement. Most of the cases showed a typical MCL immunoprofile or an intermediate immunophenotype with features of both MCL and Burkitt lymphoma. Although patients received chemo-or radiotherapy, the prognosis was poor with median survival of 5 months (range from within 1 to 28 months) after diagnosis. There were additional reported MCL cases carrying MYC rearrangements with non-IG partners or MYC amplification [16] . Almost all reported blastoid MCL with both t(11;14) and 8q24 abnormalities (including translocation and amplification) carried a complex karyotype with greater than three additional cytogenetic abnormalities and followed an aggressive clinical course. These cases apparently represent a unique subgroup of MCL with unfavorable prognosis.
The case reported herein was distinct from others in that two populations of lymphoma cells with morphologic, immunophenotypic, and cytogenetic features characteristic for typical MCL and BL were identified simultaneously in the peripheral blood and bone marrow at presentation and were derived from the same B cell clone. The BL-like cells Fig. 3 Cytogenetic studies on bone marrow. The karyotype showing both t(11;14) (blue arrows) and t(8;14) (red arrows) were present in the same cell. An interstitial deletion of 3q was also detected (green arrow). ISCN diagnosis: 46,XY,del(3)(q25q26.2),t(8;14)(q24;q32),t(11;14)(q13;q32) [5] /46,XY [15] did not retain morphologic or immunophenotypic features of MCL except cyclin D1 expression. Only one additional abnormality besides t(8;14) and t(11;14) was identified in BL-like population, in contrast to multiple additional cytogenetic abnormalities indicating genetic instability in other blastoid MCL cases. Given the difference from other blastoid MCL cases, the reported case may dictate a separate pathway of transformation.
SOX11 is a neuronal transcription factor and highly expressed in both cyclin D1-positive and cyclin D1-negative MCL [26] , suggesting its diagnostic value and perhaps an important factor in lymphomagenesis of MCL. Based on recent data, two different molecular subtypes of MCL have been proposed with difference in gene expression profiles [2, 9] . Conventional MCL is genetically unstable, has unmutated or low mutated IGHV genes, expresses high level of SOX11, and may transform into blastoid MCL after genetic progression. Indolent non-nodal MCL has hypermutated IGHV genes, non-complex karyotype, low or no expression of SOX11, and presents predominantly with non-nodal and leukemic disease. Some SOX11-negative MCL may progress rapidly by acquiring genetic mutations in genes such as TP53 [27, 28] .
Based on the hypothetical model, the majority of reported blastoid MCLs with MYC rearrangement are derived from SOX11+ mantle zone B cells, accumulate multiple genetic alterations including MYC dysregulation, and progress to blastoid MCL. By contrast, in the reported case, the CD5+ component is likely derived from SOX11− B cells, presents as an indolent non-nodal, leukemic MCL, and progresses to an aggressive component with BL-like morphology and immunophenotype by acquiring t(8;14) IGH-MYC. A search of literature revealed two other reported cases with presence of both MCL and blastoid populations. Both cases had a reported history of Bchronic lymphocytic leukemia^without lymphadenopathy. One case identified two distinct populations, CD5+/CD10− and CD5−/CD10+, and FISH showed t (11;14) in both populations (MYC status not known) [29] . The second case showed a lymph node with co-existence of a MCL region and a BL-like region with t (11;14) and MYC gene rearrangement and expression of weak CD5, CD10, and cyclin D1 without BCL-2 [30] . Although SOX11 stain and karyotype were not available, these two cases may also represent an indolent MCL transformed to an aggressive lymphoma by acquiring additional genetic abnormalities. In summary, we described a case of MCL transformed to BL-like lymphoma harboring t(11;14) and t (8;14) , presenting with two distinct, clonal related populations having typical features of MCL and BL in leukemic phase. For the first time, this case provides direct evidence to support two different pathways in lymphomagenesis of MCL and shed light on the pathogenesis of MCL. Given the aggressive clinical behavior of MCL with MYC rearrangement, flow cytometry, immunohistochemistry, cytogenetic, and FISH studies are necessary to make the accurate diagnosis for appropriate treatment.
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